The synthesis of the triple-calix [6] arene derivative 6 in which three calix [6] arene macrocycles are linked to a central 1,3,5-trimethylbenzene moiety is reported. Derivative 6 is able to give multiple-threading processes in the presence of dialkylammonium axles. The formation of pseudo[2]rotaxane, pseudo[3]rotaxane, and pseudo[4]rotaxane by threading one, two, and three, respectively, calix-wheels of 6 has been studied by 1D and 2D NMR, DOSY, and ESI-FT-ICR MS/MS experiments. The use of a directional alkylbenzylammonium axle led to the stereoselective formation of endo-alkyl pseudo[n]rotaxane stereoisomers.
Introduction
The self-assembly [1] of smaller components to larger aggregates represents one of the most spectacular phenomena in supramolecular chemistry [2] [3] [4] . Among the self-assembly processes, those that lead to the formation of interlocked and/or interpenetrated supramolecular structures have inspired many scientists [5] [6] [7] [8] . The synthesis of interlocked molecules such as rotaxanes, catenanes, and high-order architectures (e.g., polyrotaxanes, suitanes, daisy-chain pseudorotaxanes, olympiadane, Janus rotaxanes [5] ) is generally obtained through a templateapproach [9] exploiting the threading process between linear (axle) and macrocyclic (wheel) components. In order to synthesize high-order interpenetrated architectures, much attention has been directed towards the study of multiple-threading processes of host systems bearing multiple-wheels (multivalent hosts). On this basis, interesting handcuff-like interpenetrated systems ( Figure 1 ) have been reported to date in literature [10] [11] [12] [13] [14] [15] [16] , which represent non-trivial architectures.
Historically, the most common components were dialkylammonium ions, as axles, and crown ethers, cyclodextrins, or cucurbiturils, as wheels [1] . With respect to the possible types of wheels, more recently, we have introduced the through-theannulus threading of simple calix [6] arene hosts with dialkylammonium axles [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] by exploiting the inducing effect of the superweak tetrakis [3,5-bis(trifluoromethyl) phenyl]borate (TFPB) anion that gives free 'naked' dialkylammonium cations. In addition, we have reported interesting examples of endocavity complexation of alkylammonium cations, as TFPB − salts, inside the aromatic cavity of calixarene [20] and dihomooxacalixarene hosts [21, 22] . Thus, through this 'superweak anion' approach, we have synthesized interesting examples of calixarene/ammonium-based interlocked structures such as calix-rotaxanes [23, 24] and calix-catenanes [25] . On the basis of these results, we were also able to assemble high-order architectures by double-threading of bis-calix [6] arene hosts with ammonium axles [27] . In particular, handcuff (pseudo)rotaxane architectures (e.g., 3 2+ in Figure 2 ) [27] were obtained by double-threading of bis-calix [6] arene derivative 1 with bisammonium axles (e.g., 2 2+ ). In addition, we have also shown that the bis-calix [6] arene 1 was able to form pseudo [3] rotaxane architectures (e.g., 5 2+ in Figure 2 ) by double-threading with dialkylammonium axles [28] .
With the aim to increase the complexity of our system we have designed the triple-calix [6] arene host 6 ( Figure 2 ) bearing three calix [6] arene wheels symmetrically-linked to a central benzene unit. Now the question arises as to whether the triplecalix [6] arene system 6 is also capable to form pseudo[n]rotaxanes by multiple-threading with dialkylammonium axles.
Results and Discussion
The synthesis of triple-calix [6] arene derivative 6 is outlined in Scheme 1.
The known pentamethoxycalix [6] arene-mono-ol derivative 9 [29, 30] was reacted with 1,3,5-tris(bromomethyl)benzene in the presence of NaH as base, in a mixture of dry THF/DMF (7/3 v/v) for 12 h at reflux. An HR-ESI-FT-ICR mass spectrum confirms the formation of 6 thanks to the presence of a molecular ion peak at 3283. These data suggested that in a 1:2 mixture of 6 and 7 + ·TFPB − in CDCl 3 (Figure 3c ), were present both the 7 + 6 and (7 + ) 2 6 pseudorotaxanes, as confirmed by the ESI-FT-ICR mass spectrum in Figure 5 , which revealed the presence of two ion peaks at 3442.2979 (calcd 3442.2965 for C 236 H 308 NO 18 + ) indicative of the formation of the single-charged 7 + 6 and doublecharged (7 + ) 2 6 pseudo[3]rotaxanes, respectively. At this point, we performed the ESI-CID MS/MS experiment in Figure 5 , in order to confirm the formation of (7 + ) 2 6 pseudo [3] rotaxane. The CID mass spectrum of (7 + ) 2 Marked: red diamond = 7 + 6; purple circle = (7 + ) 2 6; green triangle = (7 + ) 3 (Figure 4c ), both (7 + ) 2 6 and (7 + ) 3 6 pseudorotaxanes are present. When the 7 + /6 ratio was increased from 3:1 to 6:1 (Figure 4e-g [6] -wheels between syn oriented aromatic rings. Consequently, the three calix [6] -wheels in (7 + ) 3 6 adopt a cone conformation. This result was also confirmed by the minimumenergy structure of (7 + ) 3 6 obtained by molecular mechanics calculations ( Figure 6 ), which evidenced the typical stabilizing H-bonding interactions between the ammonium groups and the oxygen atoms of the calix[6]-wheels.
Analogous results were obtained when 6 was titrated with dipentylammonium axle 4 + , as TFPB -salt (Scheme 3). An (Figure 8d) . A careful analysis of the ArCH 2 Ar region of these spectra evidenced again a syn orientation of the aromatic rings of calix [6] -wheels corresponding to a cone conformation, which was also confirmed by the minimum-energy structure of (4 + ) 3 6 obtained by molecular mechanics calculations ( Figure 8 ).
As it is known [17, 18] , the threading of directional (or constitutionally asymmetric) alkylbenzylammonium axles with directional calixarene-wheels, could generate two diastereoisomeric pseudo [2] rotaxanes ( Figure 9 ) [31] [32] [33] [34] [35] [36] [37] . Our group previously reported [17, 18] some examples of directional threading of calix [6] -wheels [38] in which the endo-alkyl stereoisomer in Figure 9 is preferentially formed over the endo-benzyl one [17, 18] . On the basis of these empirical observations, we have introduced the so-called "endo-alkyl rule" [39] : "threading of a directional alkylbenzylammonium axle through a hexaalkoxycalix [6] arene occurs with an endo-alkyl preference". Interestingly, the threading of the butylbenzylammonium axle 8 + with derivative 6 could generate two distinct stereoisomeric pseudorotaxanes (endo-alkyl or endo-benzyl) for each calix [6] arene-wheel of 6, leading to a total of 4 possible stereoisomers, which are sketched in Figure 9 . [4] rotaxane were selectively formed ( Figure 11 ).
Conclusion
In this study we described the synthesis of a triple-calix [6] arene host (6) in which three pentamethoxy-mono-hydroxy units are linked to a central 1,3,5-trimethylbenzene moiety. We have shown that 6 is able to give multiple-threading processes in the presence of dipentylammonium or dibenzylammonium axles. The formation of pseudo [2] rotaxanes, pseudo [3] rotaxanes, and pseudo [4] rotaxanes in CDCl 3 solution was ascertained by 1D and 2D NMR, DOSY, and ESI-FT-ICR MS/MS experiments. In addition, in the presence of a directional butylbenzylammonium axle, the stereoselective formation of endo-alkyl pseudorotaxane stereoisomers was observed.
Experimental
HR mass spectra were acquired on a FT-ICR mass spectrometer equipped with a 7T magnet. The mass spectra were calibrated externally, and a linear calibration was applied. All chemicals were reagent grade and were used without further purification. Tetrahydrofuran was dried by heating under reflux over sodium wire in the presence of benzophenone as indicator while dimethylformamide was dried by activated 3 Å molecular sieves. When necessary the compounds were dried in vacuum over CaCl 2 . Reactions were monitored by TLC silica gel plates (0.25 mm) and visualized by 254 nm UV light, or by spraying with H 2 SO 4 -Ce(SO 4 ) 2 . The derivative 9 has been synthesized according to literature procedures [27] . NMR spectra were recorded on a 600 [600 ( 1 H) and 150 MHz ( 13 C)] spectrometer. Chemical shifts are reported relative to the residual solvent peak. COSY spectra were taken using a relaxation delay of 2 s with 30 scans and 170 increments of 2048 points each. HSQC spectra were performed with gradient selection, sensitivity enhancement, and phasesensitive mode using the Echo/Antiecho-TPPI procedure.
Synthesis of derivative 6. In a dry round flask, under N 2 , derivative 8 (3.11 g, 2.98 mmol) was dissolved in dry THF/DMF (180 mL, 7:3 v/v). Subsequently, NaH (1.05 g, 43.86 mmol) was added at 0 °C. After 15 minutes, 1,3,5-tris(bromomethyl)benzene (0.36 g, 1.00 mmol) was added to the reaction mixture at room temperature. The reaction was stirred at reflux for 12 h under a nitrogen atmosphere. Afterwards the reaction was stopped by addition of 1 M HCl and the solution was extracted with chloroform. The organic phase was dried over anhydrous Na 2 SO 4 , filtered and evaporated of the solvent. The raw was purified through chromatography column on silica gel and using solvent mixture dichloromethane/diethyl ether 96:4 as 
Where: Ga = grams of IS; Gb = grams of complex, Fa and Fb = areas of the signals of 1,1,2,2-tetrachloroethane and signal of the guest, Na and Nb = numbers of nuclei which cause the signals (Na for IS = 2; Nb for guest) and Ma and Mb = molecular masses of IS (a) and complex (b)
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